In primary cultures of rat hepatocytes, specific thyroid-hormone-binding activity diminished with time and was hardly detectable at 24 h. In accordance with the loss of 3,5,3'-tri-iodothyronine (T3) binding, responses to the hormone disappeared, as indicated by low induction of the thyroid-hormone-responsive gene S14. In contrast, thyroid hormone receptor proteins were present, as determined by immunostaining with a specific antibody against the receptor. Thus the loss of T3 binding was due to receptor inactivation. After various attempts to restore the T3-binding activity, we found that 2-mercaptoethanol, a reducing agent, when added to the culture medium restored the hormone binding activity in a dose-and time-dependent manner. The observed kinetics and experiments using cycloheximide suggested that mercaptoethanol prevented inactivation of the newly synthesized receptors. Oxidoreductive conditions within cells may have a role in determining the level of activity of thyroid hormone receptors.
INTRODUCTION
Thyroid hormone regulates the gene expression of various enzymes. Some of these are inducible enzymes participating in lipogenesis, including malic enzyme, glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase [1] . S14 is also a thyroid-hormone-responsive gene, the product of which may be involved in lipid metabolism; the level of its hepatic nuclear transcript increases as early as 10 min after thyroid hormone administration to rats [1, 2] .
Adult rat hepatocytes in primary culture are used in studies of hormonal regulation. At 24 h after plating the hepatocytes show liver-specific functions and respond to various hormones that are present in vivo [3] . We found that the cultured hepatocytes rapidly lose the response of the S14 gene to 3,5,3'-tri-iodothyronine (T3). We report here that, regardless of the expression ofthe thyroid hormone receptor (TR), nuclear T3-binding activity rapidly decreased in cultured hepatocytes, but this loss was reversed when 2-mercaptoethanol was present in the media. Labelling of DNA probes cDNA inserts of the pS14-cl clone (a gift from Dr. H. C. Towle, Department of Biochemistry, University of Minnesota, Minneapolis, MN, U.S.A.) [9] and ,-actin [10] were labelled with [a-32P]dCTP by the random primer extension method [11] . RNA [125I]T3 for 1 h, and specific T3 binding to the cell nuclei was determined. The specific binding, which was significant in the early periods after plating, decreased to less than 100% of the initial activity by 24 h (Fig. 1 ). Further culture up to 72 h did not restore the lost T3-binding activity. T3 (0.1 uM) added from the initiation of cell culture did not improve the nuclear T3-binding activity (results not shown).
MATERIALS AND METHODS

Materials
3,5,3'-Tri-[125I]iodo-L-thyronine ([1251I
]
T3-binding activity in the nuclear extract of primary hepatocytes
We searched for an explanation for the loss of T3 binding to the nuclear sites. Nuclear receptors were extracted with 0.4 MNaCl from the purified nuclei of rat liver and 24 h-cultured hepatocytes, and incubated with [125I]T3. The specific binding activity of the extract from cultured hepatocytes was less than 5 (Fig. 2b) .
Decreased response of the S14 gene The S14 gene, which responds dramatically in vivo within 20 min after T3 administration [2] , was examined for induction in cultured hepatocytes. The level of S14 transcript in 28 h-cultured hepatocytes had decreased drastically to about 5 % of that in the liver cells in euthyroid rats. There was little hormonal response even when 50 nM-T3 was added to the medium (Fig. 3) . The /Bactin 2 kb transcript was, however, detected in the cultured hepatocytes, and its signal became 10 times stronger than that from rat liver, indicating that mRNAs were not destabilized in the cultured hepatocytes.
TR molecules are present in nuclei of cultured hepatocytes Despite the loss of specific T3 binding, there were TR molecules in the hepatocytes. Hepatocytes were immunostained with an antibody, 4B II, which specifically reacts with TR a, and /1, but not with TR x2 [13] [14] [15] [16] . At 1 h after plating, the round hepatocytes had attached to the plate, and within 24 h each hepatocyte had spread out and made contact, forming a monolayer structure similar to liver cell cords. As seen in Fig. 4 Tables I   and 2 , the receptor required a reducing agent in the in vitro T3-binding assay (Table 1) , and quickly lost its T3-binding activity upon exposure to the air (Table 2) : the specific T3 binding of the nuclear extract from rat liver was 9.6-fold higher with dithiothreitol (DTT) at 0.2 mm than without DTT ( Table 1 ). The nuclear extract drastically decreased its hormone-binding activity (by 83 %) upon exposure to air for I h ( 2-mercaptoethanol, binding was low, but with 0.1 mM-2-mercaptoethanol there was 4-fold higher specific binding, and at 3 mm an increase in specific binding exceeding 20-fold was detected (results not shown). The time course of the 2-mercaptoethanol effect revealed that the specific binding activity increased in a linear fashion with time (Fig. 5) .
Cycloheximide blocks the 2-mercaptoethanol effect Cycloheximide, an inhibitor of protein synthesis, blocked the effect of 2-mercaptoethanol. Hepatocytes after 24 h of culture were incubated with 3 mM-mercaptoethanol in the presence or the absence of 0.1 mM-cycloheximide for 4 h. The T3-binding activity restoration by 2-mercaptoethanol was suppressed by cycloheximide (Table 3) .
DISCUSSION
Hepatocytes in culture show specific functions similar to those seen in vivo, and respond well to various hormones and amino acids [3] . However, when we examined T3 induction of the S14 gene, the transcription of which is immediately enhanced by the hormone in the liver in vivo, no significant response was detected in the primary cultured rat hepatocytes.
When HTC Morris hepatoma cells were incubated with [1251I]T3, specific T3 binding to the cell nuclei was observed [6] . Using the same procedure, we assayed the T3-binding activity of primary cultured hepatocytes. Hepatocytes in early periods after plating showed significant binding activities. Mariash et al. [17] also reported that freshly isolated hepatocytes have nuclear T3-binding characteristics identical to those of liver in vivo. Our study demonstrated that the activity thereafter drastically decreased.
If the T3 degradation rate in hepatocytes is accelerated or the cellular translocation system of the hormone is hindered during culture, nuclear T3 binding would decrease, while extracts of nuclear receptors would retain T3-binding activity. However, the nuclear extracts from cultured hepatocytes again showed little T3-binding activity. Thus the decrease in T3 binding in hepatocytes was attributed to a decrease in the nuclear T3-binding activity.
Unexpectedly, the synthesis ofTR did not appreciably diminish in the hepatocytes. Since the known natural inhibitors, nonesterified fatty acids and fatty acyl-CoAs [6, 8] were not the cause of the loss of T3-binding activity (results not shown), we thought it likely to be due to denaturation of the receptor. Whereas the specific T3-binding drastically diminished in the hepatocytes, the non-specific binding activity increased reciprocally within the cells in a well-correlated fashion (results not shown).
The liver is an anaerobic organ. In contrast, in cultures under conditions of 20 % 02 and 5 % CO2, hepatocytes are exposed to much more aerobic circumstances, and receptors in the hepatocytes may be influenced. Glucocorticoid and oestrogen receptors are members of the steroid/thyroid receptor superfamily. It has been shown that in their ligand-binding domains they have critical SH groups that are essential for steroid binding [18, 19] .
Grippo et al. showed that thioredoxin, an endogenous reductant, maintains the glucocorticoid receptor in a steroid-binding form in the liver cytosol [20, 21] . Similarly, Takagi et al. reported that thioredoxin and glutaredoxin enhanced T3 binding by its nuclear receptor in vitro [22] . In T3-binding assays in vitro, inclusion of reductants such as DTT or 2-mercaptoethanol is important to obtain a high T3-binding activity. We also observed that the receptor extracted from rat liver quickly lost its hormone-binding activity when air (20% 02) was delivered into the extract. Hence we concluded that under the aerobic conditions of hepatocyte culture the T3-binding activity of the receptor was decreased by oxidative inactivation. We thus examined the effects of various reducing agents on the hepatocytes in culture, and observed that 2-mercaptoethanol increased specific T3 binding by hepatocytes most effectively and in a dose-dependent manner.
The T3-binding activity was restored gradually and linearly up to 12 h (Fig. 5) In the cultured hepatocytes incubated with 3 mM-2-mercaptoethanol for 4 h, S14 mRNA synthesis increased 2.2-fold in the presence of T3 as compared with the situation without T3 (results not shown). In rats, however, the induction is usually 4-7 times larger than this. There may be other transcriptional factor(s) necessary for full S14 gene expression which have become deficient in the hepatocytes, or the chromatin structure of the S 14 gene may have changed in the culture.
Zilz et al. [24] reported that the S14-CAT fusion gene transfected to primary cultured hepatocytes was induced by T3 only when a vector containing TR cDNA was co-transfected, thereby suggesting that endogenous TRs are either not expressed or do not function in primary cultured hepatocytes. It is not clear why TR expressed from a vector was not inactivated along with the endogenously encoded TR. In trying to restore T3-binding activity, we added to the medium various chemicals including hormones, or changed the medium. Waymouth's medium had some (not significant) restoring activity. It is noteworthy that Waymouth's medium contains 300 times (15 mg/litre) more glutathione than does Williams' medium E.
In conclusion, we found that TRs lost T3-binding activity in cultured hepatocytes, that the loss was attributable primarily to receptor inactivation, probably due to aerobic circumstances, and that the loss could be counteracted by adding 2-mercaptoethanol to the medium. These observations suggest that oxidoreductive circumstances are important in determining the levels of activity of intracellular receptors.
